Abstract: Wildland fuelbed characteristics are temporally and spatially complex and can vary widely across regions. To capture this variability, we designed the Fuel Characteristic Classification System (FCCS), a national system to create fuelbeds and classify those fuelbeds for their capacity to support fire and consume fuels. This paper describes the structure of the fuelbeds internal to FCCS. Fuelbeds are considered relatively homogeneous units on the landscape, representing distinct combustion environments that determine potential fire behaviour and effects. The FCCS fuelbeds are organized into six strata: canopy, shrubs, nonwoody fuels, woody fuels, litter-lichen-moss, and ground fuels. Fuelbeds are described by several qualitative and quantitative physical and biological variables with emphasis on characteristics useful for fuels management and fire behaviour planning. The FCCS includes 216 fuelbeds that represent the major vegetation types of the United States. The FCCS fuelbeds can be used as presented or modified to create customized fuelbeds with general or site-specific data to address fire science management or research questions. This system allows resource managers to evaluate wildland fuels operations and management activities, fire hazard, and ecological and air quality impacts at small and large spatial scales. The FCCS fuelbeds represent the United States, although the system has the potential for building fuelbeds for international application.
Introduction
Fuels are often defined as the physical characteristics (e.g., loading, depth, height, and bulk density) of live and dead biomass that contribute to wildland fire (Davis 1959) . Because these characteristics affect the character, size, intensity, and duration of a fire, identifying and quantifying fuels are important in understanding fire behaviour and ef-fects, as well as in providing information for activities such as prescribed fire, fire suppression, and fuel treatments. Furthermore, fuelbed characteristics are important aspects to consider when assessing wildlife habitat and carbon stores.
Fuel characteristics often vary widely across regions ). For instance, fuel loads can range from (1) <0.6 tÁha -1 for a perennial grassland in the central part of the United States with no rotten woody material or duff (organic material that includes Oe horizon and Oa horizon), to (2) 35 tÁha -1 in a woodland in California with a grass and shrub understory and a litter layer, to (3) 195 tÁha -1 in a mixed conifer forest with insect and disease mortality in the US Rocky Mountains with dead and down sound and rotten woody material, snags, litter and duff, and to (4) 381 tÁha -1 in a black spruce (Picea mariana (Mill.) BSP) forest of Alaska with a deep moss and organic forest floor layer Vihnanek 1998, 1999; Ottmar et al. 1998a Ottmar et al. , 2007 Hardy et al. 2001) .
It would be prohibitively difficult to inventory all fuelbed characteristics every time a fire behaviour or effects assessment is required (Sandberg et al. 2001; Ottmar et al. 2004) . Attempts have been made during the past 30 years to develop systems to construct and classify fuelbeds for loading and other characteristics with various degrees of success. These include the original and standard fire behavior fuel models (Anderson 1982; Andrews and Chase 1989; Scott and Burgan 2005) , National Fire Danger Rating System fuel models (Deeming et al. 1977) , Fuel Condition Class System fuelbeds (Schaaf 1996; Ottmar et al. 1998b) , First Order Fire Effects Model fuelbeds (Reinhardt et al. 1997; Reinhardt and Crookston 2003) ; Canadian Forest Fire Danger Rating System (Hirsch 1996); Australian Fire Danger Rating System fuel models (Cheney and Sullivan 1997; Cheney et al. 1990 ); Photo Series (Ottmar et al. 2004) ; and Fuel Load Models (Keane 2005; Rollins and Frame 2006) . Many of these models were designed for specific software applications or as inputs to predict specific fire behaviour and effects. Therefore, they include the fuelbed components or characteristics required by the program or model they were designed to support. Consequently, these models do not capture all fuel components required to estimate fire behaviour and fire effects (Sandberg et al. 2001; Ottmar et al. 2007) .
In this paper, we describe the structure of the FCCS fuelbeds that captures the complexity and diversity of wildland fuelbeds in the United States. The fuelbed design and classification discussed here is the basis for calculation of a common set of fuel characteristics ) that are used as inputs into FCCS fire potentials and fire behaviour calculations (Sandberg et al. 2007a (Sandberg et al. , 2007b Schaaf et al. 2007) and that have a variety of applications in fire and fuels management and in ecological analysis.
FCCS fuelbeds

Definition of a fuelbed
An FCCS fuelbed is defined as the measured or averaged physical characteristics of a relatively uniform unit on the landscape that represents a distinct fire environment. (Sandberg et al. 2001 (Sandberg et al. , 2007b . The fuelbed can represent any scale or precision of interest and can be used to manage, predict, assess, or differentiate fire behaviour and effects.
Design of FCCS fuelbeds
The FCCS fuelbeds were initially designed by scientists, researchers, land managers, and other experts who participated in a series of FCCS fuelbed workshops for the boreal (Fairbanks, Alaska), tropical (Palm Coast, Florida), subtropical, dry (Phoenix, Arizona), western temperate (Welches, Oregon), subtropical (Atlanta, Georgia), and eastern temperate (Nebraska City, Nebraska) regions of the United States. The design of the fuelbed was required to account for all categories of biomass that had the potential to consume and affect fire behaviour and effects. To do this, an FCCS fuelbed is classified into six horizontal fuelbed strata that represent unique combustion environments: canopy, shrubs, nonwoody fuels, woody fuels, litter-lichen-moss, and ground fuels (Table 1 and Fig. 1 ). Strata are further divided into 18 fuelbed categories and 20 fuelbed subcategories. Any one or combination of these levels may or may not be present in a fuelbed (i.e., the canopy stratum may not be present in a grassland fuelbed). Similarly, variables differ among strata and categories because of differences in vegetation form. Reported values include the mode, minimum, and maximum values. The mode is the most frequently occurring value, while the minimum and maximum are the recommended limits based on the data from which the fuelbed is built. Statistical resolution of the data was necessary because it was decided that minimum, maximum, and modal fuels data were more accessible by estimation than arithmetic mean and standard errors. Each fuelbed is given a ranking (1-5) based on how much of the data came from experience (expert opinion), published literature, or other databases: 1, based on expert opinion only; 2, based on expert opinion with <35% modal data used; 3, based on expert opinion with 35%-85% modal data; 4, based on >85% modal data, with expert opinion; and 5, indicates >85% of the data for modal, minimum, and maximum values are based on literature, photo series, or other data sources. This ranking is displayed when an FCCS fuelbed is selected and viewed.
Several variables or analogous equivalents are present among strata. Percent cover, defined as surface area by crown projection of area covered, is used to express the relative importance of a fuelbed category within a fuelbed. Height (m) is the distance from the base to the top of a fuelbed category, whereas depth (cm) is the distance from the top downward. Live foliar moisture (%) is the water content of a live fuel expressed as a percentage of its ovendry weight. Default values represent low-end moisture conditions. Density (stemsÁha -1 ) is the number per unit area. Diameter (cm) and diameter at breast height (DBH; cm) represent a modal value for the stratum, category, or subcategory rather than individual elements (i.e., tree). Where appropriate, species designations are required and must be associated with a relative cover (%), the relative amount of a fixed area covered by a species or fuelbed category. Variables specific to strata, categories, or subcategories are discussed within the context of their respective arrangement. To facilitate discussion we begin with the canopy and finish with ground fuels. 
Canopy
The canopy stratum is the somewhat continuous coverage of branches and foliage formed collectively by crowns of adjacent trees and includes three categories: (1) trees, (2) snags, and (3) ladder fuels (Table 1 and Figs. 1 and 2 ). The tree category includes total canopy cover, overstory, midstory, and understory trees (Oliver and Larson 1996) . Total canopy cover is the crown projection percent cover of all trees. The overstory includes the emergent, dominant and codominant trees. The understory includes seedlings, saplings, and other small trees. The midstory, if present, includes those trees below the overstory and above the understory. All trees are considered live and are generally taller than 1.37 m (exceptions are seedlings in the understory). Percent cover, height, and DBH represent values for the over-, mid-, and under-stories rather than individual trees. Height to live crown (m) is from the ground to the bottom of the live canopy. Live foliar moisture content mode, minimum, and maximum are 100%, 70%, and 300%, respectively. Density is the number of trees per unit area. Species and relative cover are included if the subcategory is present (Table 1) .
Snags are standing dead trees taller than 1.37 m and include four subcategories: (1) class 1 with foliage, (2) class 1 without foliage, (3) class 2, and (4) class 3 (Maser et al. 1979) . Class 1 snags have bark, branches, and tops intact, and are further distinguished by the presence or absence of foliage. Class 2 snags have shed fine branches, but retain coarse branches, and class 3 snags have extensive heartwood decay and no longer have bark or branches. Density, diameter, and height represent values for the subcategory. Species and relative cover are included if the subcategory is present (Table 1) .
Ladder fuels provide vertical continuity between the surface and crown fuels. Minimum and maximum height from the ground is included for one of eight ladder fuel types ( Table 1) . Affirmation of pronounced vertical continuity between the surface and crown fuels provided by the ladder fuel is a choice within the system.
Shrubs and nonwoody fuels
Shrubs and nonwoody fuels may have two categories: (1) primary and (2) secondary. Shrubs are woody perennial plants that differ from trees owing to their low stature and multiple basal stems. The nonwoody fuels stratum includes herbaceous vegetation (i.e., forbs, grasses, rushes, and sedges). Percent cover and height represent values for this category. Percent live is the biomass that is alive in the category, not the percentage of individuals that are alive. Species and relative cover are included if the category is present (Table 1) .
A few differences between the strata should be noted. The modes, minimums, and maximums of live foliar moisture content for shrubs and nonwoody fuels are 120%, 70%, and 300% and 75%, 70%, and 300%, respectively. Division of species into primary and secondary categories is optional. Distinction may occur because of pronounced differences in height, life form, species composition, or other defining attribute. Results from the tropical and subtropical regional workshops identified accumulated fallen needles on shrubs as an important fuel consideration. Therefore, needle drape is part of the shrub stratum and, if needle drape is sufficient to contribute to fire behaviour, it is indicated by a check mark in the shrub stratum. Loading is the mass per unit area (MgÁha -1 ), is in only the nonwoody stratum, and includes the biomass of the nonwoody fuels. Suggestions from all the workshops indicated few users would have shrub loading values, consequently, the value is calculated by using allometric equations and displayed in the reports ).
Woody fuels
The woody fuels stratum includes continuous and discontinuous, downed and dead woody fuel. It is divided into five categories: (1) all downed and dead woody, (2) sound wood, (3) rotten wood, (4) stumps, and (5) woody fuel accumulations. Sound and rotten wood are considered continuous fuels whereas stumps and woody fuel accumulations are discontinuous fuels.
The all woody category describes the depth and percent cover of continuous downed and dead sound and rotten fuels (Table 1) . Stumps and woody fuel accumulations are not included in this category. It is important to note that depth represents the value of continuous sound and rotten downed fuels across the entire fuelbed unit and not just at smallscale locations where the fuel is present. Percent cover is linear coverage because the measurement of intercept length (intercept distance) is used to estimate cover. Note: S, surface fire behaviour potential; C, crown fire behaviour potential; and A, available fuel potential.
a Sound wood size-classes: 0-0.6 cm, 0.7-2.5 cm, 2.6-7.5-cm, 7.6-22.9 cm, 23.0-50.8 cm, and >50.8 cm. Rotten wood size-classes: 7.6-22.9 cm, 23.0-50.8 cm, and >50.8 cm.
b Short needle pine, long needle pine, other conifer, deciduous hardwood, evergreen hardwood, palm frond, and grass. c Upper duff types: dead litter and moss. Lower duff types: humus or muck and humic peat. Sound and rotten fuels data are analogous data, and thus, are combined here, but are distinct categories and are treated as such in FCCS. Loading (MgÁha -1 ) is reported by sizeclasses that correspond to timelag fuel classes most commonly used in fire behaviour modeling (Fosberg 1977) . Species and relative cover are included for fuels >7.6 cm diameter ( Table 1) .
The stump category is divided into three subcategories:
(1) sound, (2) rotten, and (3) lightered pitchy stumps. The latter are stumps with resin-soaked heartwood and were identified in the tropical and subtropical regional workshops as important fuel. Density is the number of stumps per unit area. Diameter and height are data for the subcategory, not for individuals. Species and relative cover are included if the subcategory is present ( Table 1) .
The woody fuel accumulation category contains three subcategories: (1) jackpots, (2) piles, and (3) windrows. Jackpots are natural accumulations of woody debris, whereas piles and windrows result from management activity. Variables are width (m), length (m), height (m), and density in each subcategory (Table 1) .
Litter-lichen-moss
The litter-lichen-moss stratum has three categories. Litter is the top layer of the forest or rangeland floor and is composed of loose debris of dead sticks, branches, twigs, dead grass, and recently fallen leaves or needles, minimally altered by decomposition. It is analogous to the Oi soil horizon. Depth and percent cover of the category are augmented by the designation of a litter arrangement (Table 1) . Analogous to the inclusion of species and relative cover in other strata, litter type and relative cover are in- cluded, and any combination of the eight litter types (Table 1) is possible. Lichen and moss categories include the ground lichen occurring on rocks, bare ground, or low vegetation, and the low-growing moss (bryophytes) usually occurring in moist habitats, respectively. Both categories include depth and percent cover data, with the only distinction being in the moss category containing a choice between two moss types (sphagnum moss or other moss) ( Table 1) .
Ground fuels
The last stratum includes duff, squirrel middens, and basal accumulations. Duff is the partially to fully decomposed organic material between litter and mineral soil and is analogous to the Oe and Oa soil horizons. Three subcategories of data describe the duff: (1) percent cover of rotten wood in all duff layers, and depth and percent cover of the (2) upper (fermentation) and (3) lower (humic) subcategories ( Table 1 ). The squirrel middens category was identified at the boreal and dry region workshops as important when considering fire behavior and effects in those regions. Squirrel middens are mounds of cone scales and other cone debris accumulated over time from squirrels exacting seeds. The mounds are composed of organic matter that can burn for extended periods of time. Data include radius (m), depth, and density (Table 1) .
Basal accumulations include needles, twigs, bark pieces, litter, and duff that accumulate at the base of trees. Depth, radius (m), and the percent of trees affected (%) by accumulations are defined for one of seven types of accumulations (Table 1) .
Development of FCCS fuelbeds
Experts at the six regional workshops created detailed quantitative and qualitative descriptions of fuelbeds in their regions. These data were verified and augmented with data taken from published, peer-reviewed literature, government databases (USDA Forest Service 2004), and other publications (e.g., US Forest Service research papers, general technical reports, research notes, stereo photo series for quantifying natural fuels, and photo series for quantifying forest residues), and unpublished data. A total of 216 FCCS fuelbeds 3 have been developed and placed into FCCS. They represent the major vegetation types of the United States. These fuelbeds have a general or site-specific focus, usually based on the data from which the fuelbed was built. General fuelbeds tend to represent a fuelbed type across its geographic and elevation range. These fuelbeds are designed to represent the broadest vegetation composition and structure of a unit. These data were taken from as wide a geographic range as possible. Site-specific fuelbeds tend to be based on a single site, unit, or geographic area. These data are often taken from only one source such as the photo series or a specific study.
Organization and naming convention of FCCS fuelbeds
Fuelbeds are organized by seven qualitative criteria: (1) ecoregion, (2) vegetation form, (3) structural class, (4) cover type, (5) change agent, (6) natural fire regime, and (7) fire regime condition class (Table 2) . These criteria enable a user to refine their search for a fuelbed. The criteria are adapted from published (often vegetation) classification systems (Eyre 1980; Bailey 1989; Shiflet 1994; Oliver and Larson 1996) , with the exception of change agents. Change agents were determined from FCCS regional workshops and include disturbances that would affect a fuelbed such as natural disturbances (e.g., insects and disease and wildfire) silvicultural and management activities (e.g., thinning and prescribed fire), and human impacts (e.g., paving) ( Table 3) . As fuelbeds are created for fuels impacted by change agents, the fuelbeds become unavoidably more site specific because fewer data are available for replicate treatments or disturbances. Each fuelbed contains a site description that includes additional pertinent information, (e.g., major species described in the fuelbed, geographic distribution, elevation, details of the change agent, relative age of vegetation, and management or disturbance history, including time since disturbance or management activity). The fuelbed file naming convention contains an assigned number, the name of the most prevalent species, and an associated change agent. Fuelbeds were assigned a number between 0 and 999 as they were built. In certain cases, fuelbeds were later deleted or combined resulting in a nonsequential list of fuelbed numbers. 4 The change agent is designated by a parenthesis in the file name.
Customizing fuelbeds
Each FCCS fuelbed can be modified so that fuels data are customized for a particular management or research objective. Using FCCS, fuelbeds may be created from photo series, fuel inventories, or other fuels data sources. The protocol for naming fuelbeds is that species occurring in the same stratum are separated by a hyphen (-), and those occurring in different strata are separated by a slash (/). 5 Species occurring in the uppermost strata are listed first, followed successively by those in lower strata. The order of species name generally reflects decreasing levels of dominance, constancy, or indicator value. Herbaceous species are included if diagnostic. The vegetation form is at the end of the name.
Discussion
The FCCS provides a comprehensive approach to describing a fuelbed that is useful across the entire scope of fire science and management and has implications for use in many other disciplines such as wildlife and carbon accounting. The FCCS is organized around the fuelbed. The fuelbed is defined as measured or averaged physical characteristics of a relatively uniform unit on the landscape that represents a distinct fire environment and is designed to account for nearly all fuels that have a potential to consume. The FCCS offers a set of FCCS fuelbeds that are designed to be modified, if necessary, to create customized fuelbeds unique to a particular area of interest or research question. These fuelbeds have been mapped across the contiguous United States at a 1 km scale and are currently being used by the US Environmental Protection Agency to calculate and track emissions produced from wildland fire (McKenzie et al. 2007) .
The FCCS provides several advantages with respect to advancing research in fuels science and management. Each variable discussed (Table 1) may be modified to (1) capture variability in fuels and (2) to create customized fuelbed(s) Fig. 3 . The Fuel Characteristic Classification System (FCCS) fuelbed can be customized to represent (A) a unit that has not been treated, (B) a unit thinned from below with fuels untreated, and (C) a unit thinned from below with fuels treated with fire. 4 Appendix A, Table A1 . 5 Appendix A, Table A1. particular to a stand, unit, forest, state, region, or any other scale of choice. This design can be used to capture complexity and variability of fuels across time and space. For example, modification of height, percent cover, and density of trees (overstory, midstory, or understory) can be used to represent the effects of a thinning operation on fuels. Changes to the values of the percentage live and live foliar moisture in either the shrubs or nonwoody fuels can be used to represent a temporal change of season (i.e., growing versus dormant). Many possibilities exist because every variable is changeable. Extensive, detailed data within, and produced by, FCCS can be used for fuels operation and management activities, fire science, ecological analysis, and atmospheric science.
The FCCS fuelbeds are the basis for two components of FCCS, namely the calculation of physical characteristics and properties, ) and FCCS fire potentials (Sandberg et al. 2007a; Schaaf et al. 2007 ). Calculation of physical characteristics ) uses FCCS fuelbeds to provide inputs necessary to run current fuel consumption and emission production models. In addition, FCCS provides fuels data that can be used to enhance the state of fire modeling to include missing fuel categories such as flash fuels, large wood debris, and litter. The comprehensive, dynamic, and flexible design of FCCS fuelbeds provides an opportunity and data for comparisons with the use of mathematical models (Rothermel 1972 (Rothermel , 1991 Van Wagner 1977) and the packaging of these models into computer simulations (Andrews 1986; Andrews and Chase 1989; Finney 1998; Beukema et al. 1999) . Furthermore, many of the fuelbed characteristics can be used in other models or systems such as the First Order Fire Effects Model (Reinhardt et al. 1997) and BlueSky (Pouliot et al. 2005) .
Exactly how can a user take advantage of FCCS and its fuelbeds? As one would expect, there are a limitless number of possible fuelbeds throughout the United States with distinctly different fuelbed strata, categories, and subcategories. These fuelbed categorical differences can be critical in determining potential surface and crown fire behaviour, fuel available for consumption, and tallying total carbon stores. Furthermore, the differences will dictate potential fire effects such as smoke production and tree mortality, and demonstrate the effectiveness of fuel treatment. Consider a 200 ha Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco 1.1 2.2 0.9 0.6-2.5 (tÁha -1 ) 3.6 6.7 1.8 2.5-7.6 (tÁha -1 ) 7.4 12.6 0.4 7.6-22.9 (tÁha -1 ) 9.7 13.5 2.5 22.9-51.0 (tÁha -1 ) 20.0 26.9 0.4 >51.0 (tÁha -1 ) 7.6 9.0 1.1 Litter-lichen-moss Litter (cm) var. menziesii) and ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.) forest near several summer homes that is 200 years old and has been protected from fire for the past 100 years (Fig. 3) . How can FCCS fuelbeds be used to outline an effective fuels treatment plan for the area? First, assume this stand will be thinned with no initial fuel treatment and later burned with a prescribed fire (Fig. 3) . Table 4a displays a partial list of the fuelbed strata, categories, and subcategories created to represent each stand based on inventoried data. Table 4b provides an FCCS fire potential for surface fire behaviour, crown fire behaviour, and available fuel for each stage of treatment Sandberg et al. 2007a ). The surface fire behaviour potential increases from 3 to 8 after thinning because the remaining fuels were not treated. Crown fire potential decreases from 7 to 3 because the removal of the midstory left a large gap between the overstory crown and the remaining midstory trees. This lowered the potential of the surface flames reaching the crowns. The available fuel increased slightly with the addition of the fuels from the thinning. On the other hand, the surface fire potential decreased from 8 to 1, and available fuel potential decreased from 9 to 4 after the prescribed fire, as the surface woody fuels, litter, and duff were removed. Crown fire potential remained the same because the trees were not affected by the prescribed fire. This example shows how the FCCS fuelbed design enables a user to account for all fuelbed components by more accurately accounting for the critical fuelbed characteristics affecting fire behaviour, fire effects, and allowing improved assessment of fuel treatment effectiveness.
Because the fuelbed accounts for nearly all combustible biomass, FCCS can also be used to survey total carbon and provide the fuel input into models that estimate carbon flux into the atmosphere from wildland fires. This is important to improve our regional and global estimation of carbon emissions. For example, in 2002, the Biscuit wildfire burned over 200 000 ha of forested lands in southwestern Oregon. By using methods outlined in McKenzie et al. (2007) , FCCS fuelbeds were assigned to the Biscuit wildfire landscape based on remotely sensed vegetation attributes. The fuel loading for all fuelbed strata, categories, and subcategories for each fuelbed assignment was tallied and divided by 50% (standard approximation of carbon content for pools of biomass). Total carbon for the area was calculated to be 13.3 Tg. Resulting fuel loadings were then input into Consume 3.0 (Anderson et al. 2006 ) using fuel moisture and other environmental conditions reported at the Biscuit fire. Total carbon emitted from the fire was estimated at about 5.1 Tg.
The fuelbed design used in FCCS is robust and allows users to capture all biomass that has the potential to consume. In addition, several hundred new fuelbeds are being constructed and reviewed for specific forest-scale projects in the United States, Canada, and Mexico. As new fuelbeds are added to the system, an improved naming nomenclature may be developed. Several fuelbed input requirements, such as litter arrangement and ladder fuel type, will need improved field quantification to better differentiate between these fuelbed subcategories within the system. In addition, pictures are worth a thousand words and the FCCS will eventually accommodate photographs that represent the internal or customized fuelbeds. Finally, work is underway to adapt the fuelbeds and FCCS to metric and for worldwide application. Table A2 . Common and scientific names of species used to name fuelbeds in the Fuel Characteristic Classification System.
